Reproductive hormone secretion and ovarian LH receptor content were studied during the oestrous cycle of mice that differed in fertility after genetic selection. Strain variation in the secretory pattern of progesterone was observed along with differences in the timing and magnitude of prolactin release. Scatchard analysis showed similar affinities of the LH receptor for hCG in strains with increased or decreased reproductive performance, with a single order of binding sites during both pro-oestrus and dioestrus. The number of unoccupied LH receptors during pro-oestrus was greatest in mice with increased reproductive performance. These results provide evidence that trait selection can change gonadotrophin receptor concentration and the dynamics of hormone secretion during the oestrous cycle of the mouse.
Introduction
Oestrous cyclicity in the mouse is regulated by a wide variety of factors. Some of these are derived from the social environment in the form of chemosignals produced by both sexes or as visual and tactile stimuli, all of which influence the composition and frequency of the cycle (Drickamer, 1975; Aron, 1979; DeLeon & Barkley, 1987) . Oestrous cycle regularity is also affected by prior intrauterine position and age (Vom Saal et al, 1981; Nelson et al, 1982) . A role for genetic factors was demonstrated by the study of mice selected for reproductive performance and other traits (Nobunaga, 1973;  Barkley & Bradford, 1981) . Increased regularity of the cycle was associated with improved prenatal survival and large litters, while decreased fertility was associated with prolongation of the cycle and anoestrus. In addition, a lengthened pro-oestrous/oestrous phase was positively correlated with changes in ovulation rate, suggesting substantial heritabilities for the physiological determinants of these traits (Barkley & Bradford, 1981) .
Changes in endocrine function have also occurred as a correlated response to selection for reproductive performance as determined by the study of pregnant mice (Barkley et al, 1978 (Barkley et al, , 1979 . However, investigation of endocrine function during the oestrous cycle of strains derived from the same base population has been limited to gonadotrophin release (Murr et al, 1973; Spearow, 1980; Bradford et al, 1980) and oestrogen secretion (Barkley et al, 1985) . The present study was under¬ taken to define further the effects of genetic selection on endocrine function during the oestrous cycle by examining the secretory patterns of prolactin and progesterone in 5 selected strains of mice. Ovarian LH receptor content was also studied in a strain with increased fertility and one with decreased reproductive performance.
Materials and Methods
Animals. The mice used in this study were from 5 strains derived from the same base population produced by crossing 4 inbred lines (C57BL/6, AKR, C3H and DBA/2). The strains examined include an unselected control line (C) and 4 lines selected for various traits: SI, large litters; E, high embryo survival; CN-, small litters; and G, rapid post-weaning weight gain (Bradford, 1968 (Bradford, , 1969 (Bradford, , 1971 . Random mating was used in the control line and, to minimize inbreeding and genetic drift, each generation of Line C was maintained by mating 18 males to 36 females through to generation 33, after which 18 breeding pairs were maintained for each subsequent generation. This mating procedure or slight variations thereof was also used to produce the selected lines. Inbreeding beyond that existing in the base population (25% as a result of crossing 4 highly inbred lines) accumulated at a very slow rate, e.g. < 1 % per gener¬ ation in the control line in which performance was extremely stable in terms of growth and litter size for 80 gener¬ ations. The rate of inbreeding in the selected lines was slightly higher, e.g. <2% in Line G, but again these lines maintained a high performance for the selective traits. A description of the 5 strains is provided in Table 1 JBased on approximately 100 females per line also mated at 8-10 weeks of age; mean ± s.e.m.
As a correlated response to selection, mice in Lines CN-and G have irregular cycles and frequent periods of anoestrus or pseudopregnancy, in contrast to those of Lines SI and E which have regular cycles (Barkley & Bradford, 1981) . Improved reproductive performance in mice of Lines SI and E is further characterized by an increase in ovulation rate compared to Lines C and CN-. Although ovulation rate has also increased in Line G, prenatal survival has decreased in this line as well as in Line CN- (Table 1 ). Breeding stocks of all lines were housed in the same animal room maintained at 22-24°C and illuminated 14h/day (lights on 05:00-19:00 h). Purina rodent chow (#5001, Agronomics, Woodland, CA, USA) and water were supplied ad libitum.
Animals were weaned at 21-25 days of age according to size and were caged by sex (4-6/cage). At 6 weeks of age females were permanently identified by notching one ear and were subsequently housed in cages divided by a wire mesh. Three females were placed on one side of a divided cage and 1 male was housed on the other side to expose the females to a high level of male pheromonal stimulation.
Oestrous cyclicity. Females and males were placed in separate compartments in divided cages. After a 2-week acclimatization period, vaginal smears were taken daily by saline lavage between 09:00 and 11:00 h. The vaginal fluid obtained was examined in stained (new méthylène blue), wet preparations. The criteria used for identification of cycle stages have been described previously (DeLeon & Barkley, 1987) .
Blood and tissue collection. Mice were killed by decapitation and trunk blood was collected over heparinized funnels at 16:00, 18:00, 20:00 and 22:00 h during pro-oestrus and at 24:00, 04:00, 16:00 and 20:00 h during oestrus, metoestrus and dioestrus from females that had shown at least 2 normal oestrous cycles. Vaginal smears were examined immediately after decapitation to determine stage of cycle at the time of killing. Only samples from animals that met the criteria outlined in Table 2 were included in the study. Samples were collected in a manner designed to avoid stress-induced prolactin secretion (Barkley et al, 1978) . The blood obtained after decapitation was centrifuged and the plasma was stored at -20°C until radioimmunoassay (RIA) for prolactin and progesterone. Ovaries for LH receptor studies were collected from females of Lines SI and G killed between 12:00 and 15:00 h during each cycle stage. These strains were chosen for study because they have responded to selection with an increased ovulation rate, with more ova available for fertilization, but females in Line SI have a larger number of young born because embryo loss is nearly 50% in Line G (Table 1) . Furthermore, Line-Si females are characterized by regular oestrous cycles while oestrous cyclicity is irregular in Line G females (Barkley & Bradford, 1981) . The ovaries were dissected from adhering fat pad, immediately frozen in a solid C02/acetone bath and stored at (1982) . Highly purified mouse prolactin with a potency of 25 i.u./mg, kindly provided by Dr Y. N. Sinha (Whittier Institute for Diabetes and Endocrinology, La Jolla, CA, USA), was used as standard and for iodination by the chloramine-T procedure. Rabbit anti-mouse prolactin serum was obtained from Dr A. F. Parlow (Pituitary Hormones and Antisera Center, Harbor UCLA Medical Center, Torrance, CA, USA). This antiserum has <0-5% cross-reaction with mouse growth hormone (Barkley et al, 1982) . The sensitivity of the assay was 002 ng mouse prolactin/assay tube. The inter-assay coefficient of variation was 12-8%, with an intra-assay coefficient of variation of 8-3%.
The RIA procedure used to measure progesterone was as described by Barkley et al (1979) . The antiserum (GDN #337) used in the assay was produced in sheep immunized against progesterone-11 ß-succinyl-bovine serum albumin and was provided by Dr G. D. Niswender (Department of Physiology and Biophysics, Colorado State University, Fort Collins, CO, USA). A detailed description of the specificity of this antiserum has been reported (Gibori et al, 1977) . Briefly, cross-reaction with 17a-hydroxyprogesterone is 2-9%; 5a-pregnane-3,20-dione is 4-4%, with the crossreaction of other progestagens including pregnenolone ranging from 0-2 to 1-7%. Recovery of [3H]progesterone from serum samples extracted once with petroleum ether was 90-5%. The inter-assay coefficient of variation was 16-6%, with an intra-assay coefficient of variation of 130%, in close agreement with the assay performance as previously reported (inter-assay and intra-assay coefficients of variation were 16-3 + 31% and 10-9 ± 1-2%, respectively; Gibori et al, 1977) . LH receptor binding analysis. Highly purified hCG (CRI 17), generously provided by NIDDK, was labelled with 1 mCi 125I (Amersham, Arlington Heights, IL, USA). Using a lactoperoxidase procedure (Morrison & Bayse, 1970) , 1-5 µg lactoperoxidase (Sigma, St Louis, MO, USA) and 100ng H202 were added to 10µg hCG and incubated for 8 min at 4°C The specific activity of each preparation of radioiodinated hormone was determined by a selfdisplacement radioreceptor assay (Ketelslegers et al, 1975) utilizing pooled ovarian homogenates (01 ml/tube) col¬ lected from mice during pro-oestrus (12 ovaries/pool). In the present experiment, 6 preparations of radioiodinated hCG were used that varied from 27 to 57 \íC\¡\í% protein (calculated using a molecular weight of 46 000 for hCG, 66% counting efficiency and corrected for maximum specific binding). Maximum specific binding ranged from 51 to 62% when incubated with 150-200 µg protein/tube. Specific binding of radioiodinated hCG was linear up to 100 µg ovarian protein; therefore, samples of 35-50 µg/tube were used in the assays. Ovarian protein was determined by the method of Bradford (1976) , using the Pierce Coomassie protein assay kit (Pierce Chemical Co., Rockford, IL, USA).
The procedure used to measure unoccupied LH receptors was similar to that reported by Catt et al (1972) , except that 002 M-sodium phosphate-0-14M-NaCl-0-l% gelatin (pH 7-2) buffer was used. Saturation analyses were per¬ formed by incubating ovarian homogenates for 18 h at 22°C with increasing concentrations of radioiodinated hCG (25-300 103 c.p.m./tube) in the absence (total binding) or presence (non-specific binding) of a 1000-fold excess of unlabelled hCG (Pregnyl; Organon, Inc., El Monte, CA, USA). Polyethylene glycol (20% w/v; Carbowax 8000, Fisher, NJ, USA) was utilized to separate bound hormone from free hormone (Bramley & Ryan, 1978) . Specific binding represents the difference between total binding and non-specific binding. From the saturation analyses, the equilibrium dissociation constant (Kd) and receptor concentration (R,) were determined according to the procedure of Scatchard (1949) ; Kd = -(1/slope), R, = intercept. Results were expressed as pmol^g protein.
Statistical analysis. Data were tested for homogeneity of variances and it was determined that no transformations were necessary before analyses of variance and Duncan's new multiple range tests. Only differences between means at =g 005 were considered significant.
Results
The secretory pattern of prolactin is shown in Fig. 1 . Strain differences in prolactin secretion were minimal during oestrus, metoestrus and dioestrus. A dramatic variation in prolactin secretion occurred during late pro-oestrus-early oestrus (22:00-24:00 h) when mice of Lines CN-and G (both characterized by poor reproductive performance) showed increased (2-4-fold) prolactin con¬ centrations compared to the other 3 lines (C, SI and E) (P^005). A comparison of maximal values of prolactin and the time at which these were present in the circulation is provided in Table  3 . In Lines C, SI and G, prolactin concentrations were highest during pro-oestrus, whilst in Lines CN-and E, prolactin values were maximal during early oestrus. The pattern of progesterone secretion during the oestrous cycle in the control and selected lines is illustrated in Fig. 2 . Variation in the pattern was evident, although the maximal values of pro¬ gesterone did not differ significantly among the selected strains. A secondary rise in progesterone production was apparent during metoestrus in mice selected for increased embryo survival (Line E), but progesterone concentration did not differ during this stage of the cycle from that measured at the time of maximal secretion (24:00 h oestrus). A relatively stable progesterone output during pro-oestrus distinguished Line SI mice from those in the other selected lines. In Line CN-(small litters), the timing of maximal progesterone secretion lagged 2 h behind Lines SI and C (Table 3) . Peak values of progesterone were attained during pro-oestrus in mice of Lines C and CN-. Progesterone secretion also increased during pro-oestrus in Line G and remained elevated at 24:00 h of oestrus. In Line E mice, the highest peripheral value of progesterone was found at 24:00 h of oestrus.
Characteristics of the specific binding of iodinated hCG to ovarian homogenates indicated that a concentration of 13-21 fmol/tube (300 103 c.p.m.) saturated the LH receptor in 30-50 pg pro¬ tein in mice of Lines SI and G and at all cycle stages studied. Non-specific binding of hCG at the saturating concentration represented 18 + 2-0 and 17 + 1-5% of the total binding during prooestrus for Lines SI and G, respectively. During dioestrus, non-specific binding of hCG to ovarian homogenates from SI and G mice represented 18 ± 0-6 and 12 ± 1-5%, respectively. Saturation analyses performed on ovaries collected from each strain at oestrus and metoestrus indicated little specific binding (34%), i.e. a preponderance of non-specific binding (66%). It was therefore not possible to quantify available LH receptors during these stages of the oestrous cycle. Scatchard (1949) analyses of the saturation data for the specific binding of iodinated hCG to ovarian homogenates during pro-oestrus and dioestrus are presented in Fig. 3 . No curvature of the Scatchard plots was revealed following linear regression, i.e. these data show linear Scatchard plots (r2 = 0-93 and 0-94 for SI and G mice respectively, during pro-oestrus; 0-97 and 0-96 for SI and G mice, respectively, during dioestrus) indicative of a single order of unoccupied LH receptors. In the 2 strains examined, the affinity of the unoccupied receptors for LH was similar within stage of the cycle, i.e. pro-oestrus or dioestrus. However, as determined by analysis of variance, a genetic difference was found in the concentrations of available LH receptors during pro-oestrus: those measured in SI tissues were greater (P = 005) than those in G tissues (Fig. 3a) . In contrast, LH receptor concentrations measured during dioestrus were higher in Line G than in Line SI tissues (Fig. 3b ).
Discussion
Selection for various traits in mice has produced substantial differences in ovulation rate (Falconer, 1960; Bradford, 1969; Bradford & Nott, 1969; Land & Falconer, 1969) , oestrous cyclicity (Nobunaga, 1973; Barkley & Bradford, 1981) , reproductive hormone concentrations (Murr et al, 1973; Barkley et al, 1979; Stalvey & Payne, 1983) and ovarian sensitivity to gonadotrophins (Spearow & Bradford, 1983; Spearow, 1984) . The present study extends these observations by demonstrating the nature of modified endocrine regulation of oestrous cyclicity following genetic selection. The general patterns of hormone secretion we report resemble those previously found during the oestrous cycle of the mouse (Murr et al, 1973; Michael, 1976) and the rat (Butcher et al, 1974; Smith et al, 1975) . In our study increased secretion of prolactin and progesterone occurred during late pro-oestrus-early oestrus. Subsequently, the plasma concentrations of these hormones were reduced, usually by late oestrus. Within each strain, the secretory patterns of prolactin and pro¬ gesterone were remarkably similar. This observation is notable in view of the ability of prolactin to stimulate progesterone production by rat granulosa cells (Fortune & Vincent, 1986) and to increase ovarian LH receptor number during pro-oestrus (Muller et al, 1980; Richards, 1980) . Prolactin is also required for progesterone synthesis by mouse luteal cells (Mednick et al, 1980) . Between-strain differences were evident in the timing of peak prolactin and progesterone secretion and the magnitude of prolactin release. Mice characterized by irregular oestrous cycles and poor reproductive performance (Lines CN-and G) secreted higher prolactin concentrations than did randomly bred females (Line C) or females with regular cycles and improved fertility (Lines E and SI). Prolactin can inhibit ovarian aromatase (Tsai-Morris et al, 1983) which could result in lower oestradiol production in mice of Lines CN-and G. Reduced oestrogen secretion could explain, at least in part, the irregular oestrous cycles and reduced fertility that typify these strains. (Bradford et al, 1980) and the depen¬ dency of this hormonal event on a preovulatory, incremental increase in oestradiol production in rodents provides indirect evidence that oestrogen secretion is not severely compromised in mice of Lines CN-and G. Since the dynamics of LH secretion are similar in the mouse (Bradford et al, 1980) and rat (Butcher et al, 1974; Smith et al, 1975) , it is not surprising that the pattern of ovarian LH receptor content is essentially the same in both species. In the present study, which to our knowledge is the first to examine ovarian LH receptor concentration throughout the mouse oestrous cycle, an increased number of LH receptors was found during dioestrus and pro-oestrus as previously reported for the rat (Lee et al, 1975; Hacik & Kolena, 1975; Bortolussi et al, 1979; Solano et al, 1980) . In our study, LH receptor concentration could not be accurately quantified during oestrus and metoestrus due to non-specific binding indicative of a minimal number of available receptors during these stages of the cycle.
Consistent with other studies of LH receptor characteristics in the control and selected strains (Spearow, 1980 (Spearow, , 1984 , we found that the affinity of LH receptors did not vary with strain. Also, a lack of genetic influence on ovarian LH receptor number during dioestrus, seen previously in mice of Lines C, SI and G (Spearow, 1980) , was found using subsequent generations of Line SI and G mice (Fig. 3b ). In contrast, during pro-oestrus, Line SI mice had an elevated LH receptor concen¬ tration relative to that in Line G animals. This could be accounted for by strain differences in the induction of LH receptors by FSH which can be potentiated by oestrogen (Richards, 1978) . In support of this contention, major (6-9-fold) differences in LH receptor induction by diethylstilboestrol and FSH were found between immature females of Lines SI and G (Spearow & Bradford, 1983) . A low rate of induction of LH receptors in immature FSH and diethylstilboestrol-treated females selected for large litters provides a fascinating contrast with the high LH receptor concen¬ tration found during pro-oestrus in the SI mice in this study. An elevated FSH concentration (Spearow, 1980) and substantially increased oestradiol production during pregnancy in Line SI (Barkley et al, 1979) are characteristics compatible with the potential for altered ovarian LH receptor concentration as a function of reproductive status. Thus, in immature animals the rate of induction of LH receptors in Line SI mice is low relative to that in Line G mice (Spearow & Bradford, 1983) , but in the untreated, pro-oestrous animal, ovarian LH receptor content increases to a greater extent than in Line G.
Ovarian responsiveness to FSH and oestrogen alone cannot account for the regulation of LH receptor dynamics in the untreated female mouse. Another primary candidate for this action is prolactin which, in the rat, increases ovarian LH receptor number during pro-oestrus (Muller et al, 1980; Richards, 1980) . If prolactin has a similar action in the mouse, it seems to be mediated by ovarian responsiveness to this hormone because LH receptor induction can be uncoupled from the circulating concentration of prolactin. For example, mice in line SI have low prolactin concen¬ trations and a higher number of ovarian LH receptors during pro-oestrus than do Line G mice, which are characterized by high prolactin values at this time. Ovarian LH receptor number in the mouse may also include regulation by autocrine or paracrine agents such as growth factors. For example, epidermal growth factor inhibits FSH-dependent induction of LH receptors in the rat (Mondschien & Schomberg, 1981) . Whether this level of regulation can explain genetic variation in LH receptor number is as yet unknown.
The temporal relationship between induction and occupancy of LH receptors and ovarian steroidogenesis is not well defined in the mouse. The amount of available tissue limited the present measurements to unoccupied receptors. Under these conditions, an inverse relationship between LH receptor concentration and progesterone production during pro-oestrus was suggested in Line S1 mice. In this line and another derived from it (Line S15), an increased number of unoccupied LH receptors is associated with lower steroid production (Spearow, 1985) . This is not surprising in that gonadotrophin receptor concentration per se does not predict ovarian responsiveness to gonadotrophic stimulation. The essential role of cAMP in the regulation of de-novo P-450l7a synthesis (Anakwe & Payne, 1987 ) may contribute to strain differences in ovarian steroidogenesis, an hypothesis made attractive by the already demonstrated genetic variation in hCG-stimulated ovarian cAMP production in the mouse (Spearow, 1985) . Altered sensitivity to LH and decreased steroidogenesis in male mice of different strains is greatly affected by the availability of enzymes involved in the critical steps of steroid synthesis (Bartke & Shire, 1972; Stalvey & Payne, 1984) , a phenomenon that may also account for some of the variation we observed during the oestrous cycle.
Genetic variation of the nature we report can result from selection itself, as a correlated response to selection or as a result of random genetic drift. The three types of change cannot be distinguished in the model we studied because there are no replicative lines. However, the substan¬ tial effort made in the production of the control and selected lines, with a large number of mating pairs to reduce inbreeding, and the stable performance of these lines allow for the assumption that genetic drift is small. It should also be recognized that changes in hormone secretion and receptor concentration can arise in a number of different ways. Hormone release can be affected by hormone biosynthesis, altered sensitivity to positive and/or negative regulators, coupling to release mechan¬ isms, metabolism and various other factors. As a direct or correlated response to selection for reproductive traits, variation in hormone binding could result from changes in such factors as induction and/or degradation of receptor, occupancy by endogenous hormone, and more ovarian receptor per follicle or more follicles per ovary, possibilities which the present study does not rule out and that require investigation. Indeed, genetic differences in hormone secretion (Murr et al, 1973; Barkley et al, 1979; Stalvey & Payne, 1983) , LH receptor induction (Spearow & Bradford, 1983; Pomp et al, 1988) , and ovarian and testicular LH receptor concentration in untreated mice (Purvis et al, 1978; Amador & Bartke, 1981 Stalvey & Payne, 1983 ) reflect contrasting physiological bases for response to selection.
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